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11 Three-dimensional geometric morphometric analysis of the first metacarpal distal articular surface 
2 in humans, great apes and fossil hominins
3
4 Abstract
5 Understanding the manual abilities of fossil hominins has been a focus of 
6 palaeoanthropological research for decades. Of interest are the morphological characteristics of the 
7 thumb due to its fundamental role in manipulation, particularly that of the trapeziometacarpal joint. 
8 Considerably less attention has been given to the thumb metacarpophalangeal (MCP) joint, which 
9 plays a role in stabilizing the thumb during forceful grasps and precision pinching. In this study we 
10 use a three-dimensional geometric morphometric approach to quantify the shape of the first 
11 metacarpal head in extant hominids (Homo, Pan, Gorilla and Pongo) and six fossil hominin species 
12 (Homo neanderthalensis Tabun C1 and La Chappelle-aux-Saints, Homo naledi U.W. 101-1282, 
13 Australopithecus sediba MH2, Paranthropus robustus/early Homo SK84, Australopithecus 
14 africanus StW 418, Australopithecus afarensis A.L. 333w-39), with the aims of identifying shapes 
15 that may be correlated with human-like forceful opposition and determining if similar morphologies 
16 are present in fossil hominins. Results show that humans differ from extant great apes by having a 
17 distally flatter articular surface, larger epicondyle surface area, and a larger radial palmar condyle. 
18 We suggest that this suite of features is correlated with a lower range of motion at the MCP joint, 
19 which would enhance the thumbs ability to resist the elevated loads associated with the forceful 
20 precision grips typical of humans. Great ape genera are each differentiated by distinctive 
21 morphological features, each of which is consistently correlated with the predicted biomechanical 
22 demands of their particular locomotor and/or manipulatory habits. Neanderthals and U.W. 101-1282 
23 fall within the modern human range of variation, StW 418, SK 84 and U.W. 88-119 fall in between 
24 humans and great apes, and A.L. 333w-39 falls within Pan variation. These results agree with those 
25 of traditional linear analyses while providing a more comprehensive quantitative basis from which 
26 to interpret the hand functional morphology of extinct hominins.
27
228 Introduction
29 The highly dexterous human hand is unparalleled among animals, particularly the human ability 
30 to generate forceful opposition between the thumb and fingers during object manipulation. Within 
31 paleoanthropology, considerable effort has been directed towards understanding the evolution of the 
32 human hand, with a primary focus being the relationship between stone tools and the tool-making 
33 capacities that can be inferred from fossil hominin hand remains (Midlo, 1934; Napier, 1956, 1960; 
34 Tuttle, 1967, 1969, 1981; Marzke and Shackley, 1986; Christel, 1993; Preuschoft and Chivers, 1993; 
35 Marzke and Wullstein, 1996; Marzke and Marzke, 2000; Tocheri et al., 2008; Rolian et al., 2011; 
36 Kivell et al., 2016). Traditionally, human manipulative performance is considered to be superior to 
37 that of extant great apes, with fine motor control, forceful precision grips, and oblique power 
38 ‘squeeze’ grips being cited as unique aspects of human hand-use (Napier, 1956; Marzke and 
39 Shackley, 1986; Marzke and Wullstein, 1996; Marzke, 1997). Great apes have a short, gracile 
40 thumb and long fingers, which are thought to reflect selective pressures of arboreal locomotion 
41 (Napier, 1960; Jouffroy et al., 1993; Patel and Maiolino, 2016). In contrast, the human thumb is 
42 distinct in being long relative to the length of the fingers, more mobile and robust, with powerful 
43 musculature and an expanded apical tuft that, along with a suite of other morphological features of 
44 the hand, are argued to facilitate forceful and dexterous manipulation associated with tool-related 
45 behaviors (e.g., Napier, 1956, 1960; Marzke, 1997; Susman, 1998; Young, 2003).
46 Great apes do not regularly load their thumb during terrestrial locomotion (e.g., Tuttle, 1967; 
47 Wunderlich and Jungers, 2009; Matarazzo, 2013), apart from modified forms of fist-walking in 
48 Pongo (Tuttle, 1967). The thumb is important during power grasping of arboreal substrates, 
49 particularly during vertical climbing (Alexander, 1994; Marzke and Wullstein, 1996; Neufuss et al., 
50 2017), although it is not yet completely understood how thumb (and hand) postures might vary 
51 across great apes during arboreal locomotion, given the differences in intrinsic hand proportions 
52 (Almécija et al., 2015). Although all great apes engage in arboreal locomotor behaviors, the types of 
53 locomotion and frequency of each vary substantially across species, with Gorilla generally 
354 considered to be the least arboreal and Pongo the most (e.g., Hunt, 1991; Thorpe and Crompton, 
55 2006; Crompton et al., 2010). However, the degree of arboreality can vary between species or even 
56 between populations of the same species. For example, mountain gorillas (Gorilla beringei) are 
57 more terrestrial than lowland gorillas (Gorilla gorilla), with females that may be as arboreal as 
58 chimpanzees in the same localities (Remis, 1995, 1999; Doran, 1996, 1997; Dunn et al., 2014; 
59 Knigge et al., 2015). Among western chimpanzee (Pan troglodytes verus) populations, those living 
60 in the savanna of Fongoli, Senegal are more terrestrial than chimpanzees living in the forests of Taï 
61 National Park, Ivory Coast (Doran, 1992; Pruetz et al. 2009).
62  During manipulation, Pongo uses its thumb mainly for gripping small objects (Napier, 1960; 
63 Tuttle and Rogers, 1966; Christel, 1993). When manipulating larger objects, orangutans incorporate 
64 the mouth or use power grips predominantly involving the fingers, while the thumb, which is 
65 extremely reduced compared to the other fingers (Tuttle and Rogers, 1966; Almécija et al., 2015), 
66 appears not to provide a forceful contribution to the grip (Napier, 1960; Tuttle, 1969; Pouydebat et 
67 al., 2011). In contrast, both Gorilla and Pan have been documented using hand grips in which the 
68 thumb is maintained in secure contact with the object during the grip (e.g., Tuttle, 1969; Byrne et al, 
69 2001), with seemingly forceful manipulative actions (Marzke et al., 2015; Neufuss et al., 2018).
70 Among great apes, Pan most often engages in tool use in the wild and, in some cases its 
71 survival depends on tool use (Napier, 1960; Tuttle, 1969; Boesch and Boesch, 1990, 1993; Jones-
72 Engel and Bard, 1996; Marzke, 1997; Marzke and Marzke, 2000; Crast et al., 2009; Marzke et al., 
73 2015). Pan has a relatively limited radioulnar range of motion at the thumb metacarpophalangeal 
74 (MCP) joint (12°), more similar to that of humans (10°) than the range of motion  in other apes (23° 
75 in Gorilla, 36° in Pongo; Napier, 1960; Tuttle, 1969). Although grip force in chimpanzees has 
76 never been empirically measured and they have not been observed to engage in forceful precision 
77 grip (Torigoe, 1985; Boesch and Boesch, 1990, 1993; Jones-Engel and Bard, 1996; Pouydebat et al., 
78 2011; Marzke et al., 2015), they do use their thumb frequently during object manipulation, and 
79 importantly during ‘high force’ (as defined by Marzke et al., 2015) V-pocket grips in which the 
480 object is grasped in the web between the full thumb and side of the index finger. This grip is often 
81 used when grasping large fruits and resisting the pull of the teeth, focusing stresses on the thumb 
82 (Marzke et al., 2015), and particularly the MCP joint. Furthermore, Pan uses the thumb when 
83 grasping arboreal substrates during vertical climbing (Neufuss et al., 2017), in which substrate 
84 reaction forces on the forelimb, although not yet measured in Pan, are high in other primates 
85 (Hirasaki et al., 1993; Hanna et al., 2017; but see Samuel et al., 2018). 
86 Like other great apes, Gorilla (both mountain and lowland gorillas) has not been observed to 
87 use (what appear to be) forceful precision grips (captive Gorilla gorilla Parker et al., 1999; wild G. 
88 gorilla Breuer et al., 2005; wild Gorilla beringei Grueter et al., 2013). However, mountain gorillas 
89 have been observed to frequently use their thumb during food processing (Byrne et al., 2001) where 
90 the base of the thumb is used as a fulcrum (Neufuss et al., 2018), and lowland gorillas have been 
91 documented to use the thumb particularly during forceful food processing (Marzke, 2006). Indeed, 
92 Gorilla also shows the highest degree of dorsopalmar and radioulnar curvature in 
93 trapeziometacarpal (TMC) joint compared with other great apes, which has been argued to provide 
94 greater stability at this joint (G. beringei, Marzke et al., 2010; G. gorilla, Marchi et al., 2017a). 
95 Furthermore, mountain gorillas also use their thumb in vertical climbing and use opposed-thumb 
96 postures more often than chimpanzees (Neufuss et al., 2017). In addition, when mountain gorillas 
97 descended lianas, the downward pull of the body appears to be resisted mainly by the fingers, while 
98 the thenar region of the palm and the proximal phalanx of the thumb counterstabilize the grip 
99 (Neufuss et al., 2017).
100 There are several examples of nearly complete and associated hominin hand skeletons, 
101 including Homo neanderthalensis (Heim, 1982; Trinkaus, 1983; Arensburg et al., 1985), 
102 Australopithecus sp. (or Australopithecus prometheus) (Clarke, 1999, 2013), Ardipithecus ramidus 
103 (Lovejoy et al., 2009), Australopithecus sediba (Berger et al., 2010; Kivell et al. 2011), and Homo 
104 naledi (Berger et al., 2015; Kivell et al., 2015). However, it is more often the case that our 
105 understanding of hominin manipulative behavior is based on the functional inferences derived from 
5106 isolated and/or unassociated fossil hand remains (e.g., Marzke, 1983; Green and Gordon, 2008; 
107 Ward et al., 2013; Domínguez-Rodrigo et al., 2015; Lorenzo et al., 2015; Stratford et al., 2016). As 
108 a result, many studies have been devoted to identifying behavioral correlates in human and great 
109 ape hand bones that, when identified on fossil hominin hand remains, have allowed inferences to be 
110 drawn about the manual behaviors of extinct taxa (Susman, 1979; Tocheri et al., 2005; Lazenby et 
111 al., 2008; Matsuura et al., 2010; Almécija et al., 2015; Skinner et al., 2015; Marchi et al., 2017a). In 
112 particular, because of the distinctiveness of the human thumb, many studies have investigated the 
113 relationship between thumb morphology and manipulative abilities with the aim of identifying 
114 features that could be used to infer manipulative abilities of fossil hominins (Napier, 1960; Tuttle, 
115 1969; Rose, 1992; Marzke, 1997, 2013; Marzke and Marzke, 2000; Tocheri et al., 2008; Rolian et 
116 al., 2011; Diogo et al., 2012; Shigematsu et al., 2014; Skinner et al., 2015; Marchi et al., 2017a). 
117 The high degree of mobility1 typical of the human thumb stems in part from the morphology 
118 of the TMC joint, which is considered particularly important for manipulation (Napier, 1955; 
119 Marzke, 1997; Marzke et al., 2010). Because of this, there have been extensive studies focusing on 
120 the functional morphology of the TMC joint (Haines, 1944; Napier, 1955, 1956; Lewis, 1977; 
121 Trinkaus, 1989; Rafferty, 1990; Rose, 1992; Marzke, 1997, 2013, Tocheri et al., 2003, 2005; 
122 Niewoehner, 2005; Marzke et al., 2010; Marchi et al., 2017a). However, the thumb also comprises 
123 the first MCP joint and the interphalangeal (IP) joint, all of which work in concert for effective 
124 opposition with the fingers (Imaeda et al., 1992; Li and Tang, 2007). For example, during 
125 opposition to the base of the fifth digit, the joints are highly coordinated in flexion, such that, on 
126 average, the human TMC joint flexes 50.7°, the MCP joint flexes 41.6° and the IP joint flexes 44.1° 
127 (Li and Tang, 2007). Most research on MCP or IP joints of the thumb date to the past century and 
128 are often only qualitative assessments (Napier, 1956, 1960; Tuttle, 1969; Aubriot, 1981; Barmakian, 
129 1992; Imaeda et al., 1992). For example, Napier (1960) described the MCP joint as less mobile in 
1 The terms ‘mobility’ and ‘stability’ refer here respectively to joints with a high or low range of 
motion in all planes (Hamrick, 1996).
6130 humans compared to that of great apes. This difference is likely due, at least in part, to the shape of 
131 the first metacarpal (MC1) head, which in humans is relatively flat. This flat articulation makes the 
132 joint function more like a hinge joint in the flexion-extension plane (Napier, 1960), mainly because 
133 of the collateral ligaments that tighten during flexion (Imaeda et al., 1992). In great apes the MC1 
134 head surface is more rounded, allowing for higher ranges of motion in the sagittal and radioulnar 
135 planes (Napier, 1960). This variation in the MCP joint motion is likely a consequence of the 
136 function of the thumb overall. For example, while the human (as well as apes) TMC joint provides 
137 high mobility, the human (unlike apes) MCP joint hard and soft tissue morphology provides 
138 stability to allow a firm grasp during forceful grips (Barmakian, 1992). However, the lack of 
139 quantitative studies, particularly those using 3D methodologies, on thumb joints other than the 
140 TMC joint represents a gap in our knowledge that is necessary for fully understanding variation in 
141 thumb function in extant and extinct species. 
142 In this study we perform a quantitative assessment of the shape of the MC1 head using 
143 three-dimensional geometric morphometrics (3DGM) in modern humans (Homo sapiens) and 
144 extant great ape genera (Pan, Gorilla and Pongo; see Table 1) to provide more informed functional 
145 interpretations of fossil hominin morphology. We also include a comparative analysis of several 
146 fossil hominin specimens from H. neanderthalensis, H. naledi, Paranthropus robustus/early Homo, 
147 A. sediba, A. africanus, and Australopithecus afarensis (Table 1) that preserve a complete MC1 
148 head with the aim of further elucidating their potential manipulative abilities.
149 Homo neanderthalensis is considered to be the closest relative of modern humans (Endicott 
150 et al., 2010) and though many behavioral differences between the two species are acknowledged, 
151 morphological and archaeological evidence show that Neanderthals were adept and committed tool 
152 users (Bordes, 1961; Lieberman and Shea, 1994; Shea, 2003; Conard and Richter, 2011; Douka and 
153 Spinapolice, 2012; Turq et al., 2013; Kuhn, 2014; Karakostis et al., 2018). Neanderthals have 
154 different internal thumb proportions (the distal phalanx is relatively longer than the proximal 
155 phalanx), and relatively broader joints compared with modern humans, which may affect thumb 
7156 function and range of motion (Trinkaus and Villemeur, 1991; Niewoehner, 2006). However, there is 
157 no strong evidence indicating that Neanderthals were less dexterous than modern humans (Trinkaus 
158 and Villemeur, 1991; Churchill, 2001; Niewoehner et al., 2003; Niewoehner, 2006). 
159 Homo naledi is a recently discovered new species in South Africa (Berger et al., 2015) dated 
160 to between 236 and 335 ka (Dirks et al., 2017). Despite its relatively recent age, H. naledi shows 
161 several primitive traits in the upper and lower limb (Harcourt-Smith et al., 2015; Kivell et al., 2015; 
162 Feuerriegel et al., 2017; Marchi et al., 2017b; Williams et al., 2017). A relatively complete hand 
163 skeleton (Hand 1) of H. naledi has been recovered, along with numerous other hand bones 
164 representing at least six adults and two immature individuals (Berger et al., 2015; Kivell et al., 
165 2015). The H. naledi hand skeleton combines Neanderthal- and modern human-like features of the 
166 wrist and palm that are typically considered adaptations to committed, forceful tool use, with 
167 remarkably curved phalanges that suggest a functionally significant degree of climbing or 
168 arboreality (Kivell et al., 2015). Among the H. naledi remains, there are seven MC1s, although only 
169 one preserves a complete distal end (U.W. 101-1282). The preserved morphology in all of the 
170 MC1s is generally consistent, having a relatively flat, asymmetrical distal articular surface with a 
171 large radial palmar condyle, similar to that of modern humans (Bojsen-Møller, 1976; Aubriot, 1981; 
172 Barmakian, 1992), a comparatively small proximal articulation for the trapezium, and well-
173 developed entheses in the distal half of the shaft (Kivell et al., 2015).
174 Australopiths are generally characterized by adaptations in the lower limb associated with 
175 bipedalism (McHenry, 1986; Ward, 2002; Harcourt-Smith and Aiello, 2004). On the other hand,  
176 features of the upper limb, such as a relatively long forearm, long and moderately curved manual 
177 phalanges in the hand and a cranially-oriented shoulder are related with arboreal behavior (Stern, 
178 2000; Ward, 2002). Concerning the hand, australopith (including Paranthropus) MC1 morphology 
179 is quite variable, with some being relatively gracile (A. afarensis, A. africanus and A. sediba) while 
180 others being more similar to humans in their robusticity (e.g., SK 84 and SKX 5020 from 
181 Swartkrans attributed to either P. robustus or early Homo; Bush et al., 1982; Susman, 1994; Green 
8182 and Gordon, 2008; Kivell et al., 2011). As a result of this hand morphology, australopiths have 
183 traditionally been considered unable to perform the full suite of pad-to-pad forceful precision grips 
184 typical of humans, but to be more dexterous than extant great apes and capable of making extensive 
185 use of natural tools (Marzke and Shackley, 1986; Susman, 1994; Marzke, 1983, 1997; Susman, 
186 1998; Rolian and Gordon, 2013; but see Ricklan, 1987, 1990). However, the recent recovery of 
187 more complete hand skeletons (Kivell et al., 2011), new statistical analyses (Alba et al. 2003; 
188 Almécija and Alba, 2014) , and analyses of internal bone structure (Skinner et al., 2015) have 
189 suggested that australopith hand morphology is compatible with more human-like manipulative 
190 skills and the making and utilization of stone tools. This functional interpretation is also compatible 
191 with archaeological evidence of percussion and cut-marks at 3.4 Ma (McPherron et al., 2010) and 
192 the Lomekwi stone tools at 3.3 Ma (Harmand et al., 2015), both considered to be associated with 
193 australopiths. 
194 Australopithecus sediba is a recently discovered australopith species of South Africa, dated 
195 to 1.98 Ma (Berger et al., 2010; Pickering et al., 2011). Compared to other australopiths and Homo, 
196 A. sediba possesses a longer thumb relative to short fingers, which is a key feature thought to be 
197 compatible with human-like precision grip abilities and potentially stone tool production (Kivell et 
198 al., 2011). However, stone tools have yet to be found in association with the A. sediba fossils at 
199 Malapa (Kivell et al., 2011). A 3DGM analysis of the proximal MC1 articular surface found that A. 
200 africanus (StW 418) and P. robustus/early Homo (SK 84) were more ape-like than human-like 
201 (Marchi et al., 2017a), and may not have been able to perform the full range of abduction-adduction 
202 movements that are associated with stone tool-making and use in humans (Marzke, 1997, 2006). As 
203 such, Marchi et al. (2017a) suggested that A. africanus and SK 84 may have been making and using 
204 stone tools in a manner different from that of later Homo and modern humans. Thus, a greater 
205 understanding of the thumb MCP joint morphology may provide further insight into the 
206 manipulative abilities of australopiths.
9207 3DGM methods have been recently applied to address functional morphological questions in 
208 paleoanthropology (e.g., De Groote, 2011; Arias-Martorell et al., 2012; Almécija et al., 2013; Rein 
209 et al., 2017; Fernández et al., 2018), including the proximal MC1 (Marchi et al., 2017a), but has not 
210 yet, to our knowledge, been used to quantify the shape of the distal MC1. Based on previous 
211 literature about thumb morphology and (inferred) function, we will test the following two 
212 hypotheses:
213 (a) We hypothesize that the shape of MC1 head will significantly differ between modern 
214 humans and great apes, reflecting a flatter distal articular surface for greater MCP joint 
215 stability in humans (Napier, 1960). Moreover, because of the observed differences in hand 
216 use during locomotion, and the different degree of tool-use in the wild by extant great apes, 
217 we predict that there will be differences among the great ape distal articular MC1 shape. In 
218 particular, we predict that Pan and Gorilla will show greater similarity with humans than 
219 Pongo due to the observed use of hand grips in Pan and Gorilla in which the thumb is 
220 maintained in secure contact with the object during (what appear to be) forceful 
221 manipulative actions (Tuttle, 1969; Byrne et al, 2001; Marzke et al., 2015; Neufuss et al., 
222 2018), which have not been documented in Pongo.
223 (b) Given the inferred manipulative abilities of australopiths, H. naledi and Neanderthals, we 
224 hypothesize that all fossil hominin specimens will have an MC1 head shape that is more 
225 similar to that of humans than to great apes. However, within this context, we predict that 
226 Neanderthals will be most similar to modern humans, based on known overall similarities in 
227 hand morphology shared between Neanderthals and humans (e.g., Trinkaus, 1983; 
228 Niewoehner, 2006), while australopiths and H. naledi will show more subtle morphological 
229 differences from humans given their earlier age (2–3 Ma) and/or their more gracile (e.g., A. 
230 afarensis, A. sediba) or distinct (i.e., H. naledi) MC1 morphology.
231
232 Materials and methods
10
233 Studied sample
234 The extant sample used in this study includes MC1s of recent H. sapiens (n = 24), Pan 
235 troglodytes (n = 25), Gorilla gorilla (n = 23), Gorilla beringei (n = 6), Pongo pygmaeus (n = 32) 
236 and Pongo abelii (n = 5). The fossil sample includes the left MC1 from A. africanus StW 418, H. 
237 neanderthalensis Tabun C1 and H. naledi U.W. 101-1282, and the right MC1 from H. 
238 neanderthalensis La Chapelle-aux-Saints, A. sediba MH2 U.W. 88-119, P. robustus/early Homo SK 
239 84 and A. afarensis A.L. 333w-39 (Table 1). The recent H. sapiens sample consisted of 17 
240 Medieval (7th C. AD) specimens from a German necropolis (Neuburg, Donau; Marchi, 2005), two 
241 specimens from the collection established by Georges Olivier in the 1950s at the Musée de 
242 l’Homme in Paris, which consists of unclaimed bodies from Paris hospitals, and five hunter-
243 gatherers specimens from Tierra del Fuego from the first half of the 19th century (Tafuri et al., 2017) 
244 curated at the Anthropological Collection of the University of Florence (Italy). For each individual 
245 the left MC1 was used and, when not available, the right MC1 was mirrored. Only adult individuals, 
246 based on fully-fused epiphyses of all the associated postcranial bones available, were included in 
247 the study. Individuals with signs of pathological alterations in the postcranial skeleton were 
248 excluded from this study. Due to the small sample size of the P. abelii, and their similar hand 
249 morphology (Midlo, 1934; Napier, 1960; Tuttle, 1969), P. abelii and P. pygmaeus were pooled and 
250 only genus level differences were investigated in this study.
251 Three-dimensional surface meshes of the MC1s used in this study where obtained using 
252 three methods: computed tomographic (CT) scanning, laser surface scanning, and photogrammetry. 
253 Medical CT scans of part of the extant sample were performed at the Munich Institute for  
254 Radiology Ludwig Maximilian University (Munich, Germany) on a GE Discovery CT750 HD 
255 medical CT scanner (slice thickness 0.625 mm, slice increment 0.3 mm, voltage 120 kV, X-ray tube 
256 current 99 mA, reconstructing algorithm bone, pixel size 460 μm), and at the University Hospital of 
257 Zurich (Zurich, Switzerland) on a Siemens Somatom Definition Flash (slice thickness 0.6 mm, slice 
258 increment 0.3 mm, voltage 120 kV, current 19 mA, reconstructing algorithm bone, pixel size 600 
11
259 μm). The Pongo and the G. beringei specimens from the Smithsonian National Museum of Natural 
260 History (Washington, USA) were scanned on a Siemens Somatom Emotion CT scanner (slice 
261 thickness 1 mm, slice increment 0.1 mm, voltage 110 kV, current 70 mA, reconstructing algorithm 
262 H50 moderately sharp kernel, pixel size 600 μm). The Fuegian sample was scanned at the 
263 Department of Human Evolution, Max Plank Institute for Evolutionary Anthropology (Leipzig, 
264 Germany) on a BIR ACTIS 225/300 scanner (voltage 130 kV, current 100–120 μA, pixel size 30 
265 μm). Fossil specimens StW 418, U.W. 101-1282 and U.W. 88-119 were scanned at the Microfocus 
266 X-Ray Computed Tomography facility of the University of Witwatersrand (Johannesburg, South 
267 Africa) on a Nikon Metrology XTH 225/320 LC (voltage 70 kV, current 120 μA, no filter used, 
268 pixel size 30 μm). A.L. 333w-39 was scanned on SkyScan 1173 (voltage 100 kV, current 62 μA, 
269 aluminium filter 1.0 mm, pixel size 30 μm). The Tabun C1 MC1 fossil was scanned at the Imaging 
270 and Analysis Centre, Natural History Museum (London, UK) using a Nikon Metrology HMX ST 
271 225 (voltage 200 kV, current 200 μA, copper filter 0.25 mm, pixel size 28 μm). Following data 
272 acquisition, image stacks were segmented to produce isosurfaces using Avizo 6.3 software 
273 (Visualization Sciences Group, Mérignac, France). The U.W. 101-1282 H. naledi MC1 has slight 
274 erosion to the palmar-ulnar side of the distal epiphysis. Therefore a mesh was reconstructed using 
275 Geomagic Wrap (3D Systems) and Stradwin 5.2 (Treece et al., 2013); see Supplementary Online 
276 Material (SOM)  S1, and SOM Figs. S1 and S2.
277 The meshes of the extant ape specimens from the Powell Cotton Museum (Birchington, UK) 
278 and of the fossil Neanderthal La Chapelle-aux-Saints from the Musée de l’Homme (Paris, France) 
279 were obtained using the NextEngine laser scanner (pixel size 125 μm). Twelve scans were taken at 
280 different positions on both sides of the bone and then merged using ScanStudio HD PRO software. 
281 A surface model of SK 84, housed at the Ditsong National Museum of Natural History, was made 
282 using NextEngine laser scanner (pixel size 125 μm). The meshes of the extant humans from the 
283 Musée de l’Homme (Paris, France) and Pongo specimens from Leiden Naturalis Museum (Leiden, 
284 Netherlands) and of the G. beringei specimens from the Royal Museum for Central Africa 
12
285 (Tervuren, Belgium) were obtained through photogrammetry using a Nikon D5100 DSLR camera 
286 with a resolution of 24 megapixels. The focal length was fixed to 55 mm for all pictures. Fifty 
287 pictures were captured on both side of the bone from different viewpoints. For the reconstruction of 
288 the 3D models (pixel size 50 μm) the Agisoft PhotoScan© software (Agisoft LLC, St. Petersburg, 
289 Russian Federation) was used. Previous papers have shown that the modality used to generate 
290 polygon meshes has minor effect on landmark placing (Robinson and Terhune, 2017; Shearer et al., 
291 2017).
292
293 3D geometric morphometrics
294 To quantify the MC1 head morphology we followed the method developed by Fernández et al. 
295 (2015) for the metatarsal head. The software Landmark Editor 3.0.0.6 (Wiley et al., 2005) was used 
296 to apply a 5 × 5 landmarks patch of nine operator-defined fixed landmarks (Table 2) and 16 surface 
297 semilandmarks (automatically placed by the software midway among the others; Fig. 1a). The 
298 morphologies we aimed to capture with the 3DGM approach are shown and labeled in Figure 1b. 
299 Figure 2 presents an example of MC1 head shape for each of the extant species and for the fossil 
300 hominins studied here. 
301 A generalized Procrustes analysis (GPA; Gower, 1975) was carried out on all landmark 
302 coordinates and surface semilandmarks were slid to minimize the Procrustes distance (Rohlf, 2010). 
303 A test using the minimized bending energy criterion (Bookstein, 1997; Gunz et al., 2005) returned 
304 similar results (not shown here). To quantify shape variation, aligned shape coordinates resulting 
305 from the GPA were subject to a principal component analysis (PCA). Analyses of variance 
306 (ANOVAs) on scores along principal components (PCs) were used to test for significant differences 
307 across extant genera and Tukey HSD tests were used for pairwise post hoc comparisons. Potential 
308 differences between the Fuegian human sample and the remainder of the recent human sample, as 
309 well as between G. gorilla and G. beringei were evaluated using a Hotelling’s T2 test for the 
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310 multivariate difference of means on PC1–PC4. Scatterplots and box-and-whisker plots were used to 
311 graphically represent data distributions. 
312 We tested for an allometric signal in the data by multivariate linear regression of the first 
313 four PC scores using a proxy of body size. The best proxy of body size (when real body size of the 
314 specimens is not available) is femoral superoinferior diameter (FemSI; Ruff, 2003). However, we 
315 had FemSI diameter only for a subsample of our entire sample (humans n = 13; Pan n = 6; G. 
316 gorilla n = 14; Pongo n = 6). We therefore carried out a multivariate analysis of covariance 
317 (MANCOVA) on the scores of PC1–PC4 using the extant species groups as independent categorical 
318 variable and (1) natural log-transformed (ln [FemSI]) as a covariate and (2) ln centroid size (CS) as 
319 a covariate. Further, a Procrustes regression analysis of shape on size was carried out when 
320 considering for phylogeny using the procD.pgls function of the package geomorph in R (Adams and 
321 Otárola-Castillo, 2013). An empirical F distribution for statistical testing was obtained by averaging 
322 10,000 random permutations. The tree for the analysis was built using estimated divergence times 
323 published on timetree.org (Kumar et al., 2017). 
324 Fossil hominin specimens were evaluated relative to the comparative extant samples by 
325 means of a discriminant function analysis (DFA) on the first three PC scores, treating the fossil 
326 hominins as unknown. The DFA classifies specimens into a priori-defined groups, which is a useful 
327 tool to evaluate relative similarity of the fossil sample to the extant groups, but it does not give any 
328 information on the absolute similarity. To explore absolute similarity of the fossil sample on PC1–
329 PC3 scores, we defined mean shapes for every group by averaging landmark coordinates of every 
330 landmark. The mean shape was projected into the tangent shape-space and the relative PC values 
331 were calculated. The linear distances of every individual of any extant group to the mean shape of 
332 that group were calculated for the first three PCs. These distances were tested for normality using 
333 the Shapiro-Wilk test and visually using quintile-quintile (Q-Q) plots. Linear distances of every 
334 fossil to the mean of every extant group were then calculated. Fossil distance values were compared 
335 to the mean and standard deviation of every extant group and the distance values (in standard 
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336 deviations) from the mean were calculated. From these values, the values of the upper tail 
337 cumulative distribution function corresponding to the distance of the fossils from the mean of every 
338 extant group were calculated. Ultimately, these values correspond to the percentage of individuals 
339 in an extant group that are more different from the mean of the group itself than the fossil. For 
340 example, if the value obtained for a fossil A compared to modern humans is 75%, it means that 
341 fossil A is closer to the human mean distance than 75% of humans.
342 Finally, visual comparison with group distributions using box-and-whisker plots and 
343 comparison to group means via number of standard deviations along PCs were performed, with 
344 differences considered significant when the fossil specimens were more than 1 standard deviation 
345 away from the mean of extant groups, following Marchi et al. (2017a).
346 Prior to the statistical analysis, one individual of each extant genus was randomly selected 
347 and the landmark placing procedure repeated six times (at least three days apart) to assess the 
348 repeatability and accuracy of landmark positioning (Proctor, 2010; Fernández et al., 2015). Sets of 
349 repeated measures along measures taken on the other individuals of the same genus were 
350 subsequently subject to GPA and PCA, as described above. We tested the hypothesis that relative 
351 clustering, and therefore lower variance, of repeated measures should verify the repeatability of 
352 landmarks (Lockwood et al., 2002; Proctor et al., 2008; Proctor, 2010; Fernández et al., 2015). This 
353 was done by assessing heteroscedasticity between the repeated measures and the rest of the genus 
354 using a multivariate correspondent of the Levene test (Anderson, 2006) along the first two PCs.
355 All statistical analyses were performed in the R environment (R Core Team, 2015) using 
356 routines of the package geomorph v 3.0.3 (Adams and Otárola-Castillo, 2013). R was also used to 
357 create graphical outputs to interpret the results and for visualization purposes using the package rgl 





362 The analysis on the scores of PC1–PC4 using the extant species groups as independent 
363 categorical variables and (1) ln FemSI as a covariate and (2) ln CS as a covariate gave virtually 
364 identical results (SOM Fig. S3; SOM Table S1), validating the use of CS as a proxy of body size. 
365 Results of the MANCOVA when using the two different covariates and on different subsample 
366 sizes are almost identical, and all indicate that the influence of size on shape is minor when 
367 compared to other aspects (SOM Table S2). The phylogenetic comparative analysis returns a 
368 nonsignificant p-value (p = 0.06), showing how size does not influence significantly the shape of 
369 the MC1 head when analyzed in a phylogenetic context. Overall, the above analyses suggest that, 
370 for the aims of this study, we can exclude size as a significant factor contributing to potential 
371 interspecific variation in shape.
372
373 Repeatability and Accuracy
374 Graphical output of the repeatability test is shown in SOM Figure S4 and statistical testing 
375 results are reported in SOM Table S3. For all taxa, repeated measures in the morphospace were 
376 clustered and easily recognizable from the rest of the sample. Statistical testing supports this 
377 separation with all tests being significant (p < 0.05). Therefore, we conclude that the landmark 
378 placement is repeatable for the purposes of this study.
379
380 PCA, ANOVA and Tukey HSD test
381 The first four PCs in the PCA account for more than 50% of total variance. PC1 explains 27.2% 
382 of total variance, PC2 11.2%, PC3 10.3% and PC4 7.4%. PC5 and beyond are not significant (p ≥ 
383 0.05) and are not discussed further. ANOVA shows that groups are significantly separated along 
384 PC1 (p < 0.001), PC2 (p < 0.001), PC3 (p < 0.001) and PC4 (p < 0.05).  No significant differences 
385 are found between the Fuegian sample and the remaining recent human sample, or between G. 
386 beringei and G. gorilla (Hotelling’s T2 test results; SOM Table S4), each showing overlapping 
387 distributions in both comparisons (SOM Figures S5 and S6). Thus, the two human groups and the 
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388 two Gorilla genera were pooled in all subsequent analyses, although the Fuegian and G. beringei 
389 specimens are highlighted in the PCA plots in SOM Figures S7–S9. 
390 Along PC1 and PC2 each genus is significantly different from any other group (p < 0.05; 
391 Tables 3 and 4). Along PC3, recent humans and Pongo are significantly different from Pan and 
392 Gorilla (p < 0.01; Table 5), while no significant difference is present between African great apes. 
393 Along PC4 great overlap among extant species is present (SOM Figs. S10 and S11). The only 
394 significant difference is between Pan and Gorilla (p < 0.05; SOM Table S5).
395 A bivariate scatterplot of PC1 against PC2 (Fig. 3) successfully separates humans from all 
396 great apes with only slight overlap with the Gorilla morphospace. Great ape groups partially 
397 overlap in the morphospace, yet each of the three genera shows a well-defined tendency: Pongo 
398 morphospace occupies only the two left quadrants of the morphospace, being characterized by 
399 negative PC1 scores; Pan occupies prevalently the left upper quadrant of the morphospace and 
400 Gorilla the central part of the morphospace. As for the fossil hominins, Neanderthals (Tabun C1 
401 and La Chapelle-aux-Saints), U.W.101-1282, SK 84 and StW 418 fall within the human 
402 morphospace, although SK 84 and StW 418 fall in the region of overlap between the recent human 
403 and Gorilla morphospaces. U.W. 88-119 falls within the Pan morphospace and close to the Gorilla 
404 morphospace and A.L. 333w-39 falls within the Pan morphospace.
405 A bivariate scatterplot of PC1 against PC3 (Fig. 4) mainly divides Gorilla (along PC3) and 
406 humans (along PC1) from the other groups, although there is substantial overlap among the great 
407 apes. Humans fall mostly within the upper right quadrant of the morphospace and only marginally 
408 overlap with Pan and Gorilla. Only the Neanderthal specimens (Tabun C1 and La Chapelle-aux-
409 Saints) and U.W. 101-1282 fall within the modern human morphospace. A.L. 333w-39 falls in the 
410 overlapping region of Pan and Pongo, while StW 418, SK 84 and U.W. 88-119 fall in the upper 
411 right quadrant outside the morphospace of any extant group.
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412 A bivariate scatterplot of PC1 against PC4 shows high overlap among extant groups not 
413 being useful for fossil determination. We therefore discuss PC4 results in SOM S2 and show them 
414 in SOM Figures 9 and 10 and SOM Table S5, but do not discuss them further in the main text. 
415
416 PC1 shape and groupings
417 The shape variations described by the PC1 are most informative in distinguishing humans from 
418 the great apes (Figs. 3 and 5; Table 3). The positive side of the PC1 axis is occupied primarily by 
419 modern humans and describes a shape of the distal articular MC1 surface that is relatively flatter 
420 and radioulnarly wide. Additionally, the radial palmar condyle is much larger than the ulnar palmar 
421 one, and both the radial and ulnar epicondyles are slightly enlarged (Fig. 5). The negative side of 
422 PC1 is occupied primarily by Pongo and secondarily by Pan, even though overlap with Gorilla 
423 occurs. The negative side of PC1 describes a shape with an articular surface radioulnarly narrow 
424 and dome-like. The radial palmar condyle is small, almost equal in size to the ulnar palmar condyle, 
425 and the radial and ulnar epicondyles are slightly smaller as well (Fig. 5). Regarding the fossil 
426 specimens, La Chapelle-aux-Saints, Tabun C1 and U.W. 101-1282 fall in the interquartile range of 
427 humans. StW 418 and SK 84 fall in the lower quartile range of humans, with SK 84 falling also in 
428 the upper interquartile of Gorilla (Fig. 5). Neanderthals and U.W. 101-1282 are the only fossils 
429 within 1 standard deviation (SD) of humans mean (Table 6). A.L. 333w-39 falls in the interquartile 
430 range of Pan and Pongo and is within 1 SD of their mean (Fig. 5; Table 6).
431
432 PC2 shape and groupings
433 The shape differences described by PC2 are most informative in separating Pan from the other 
434 extant groups (Fig. 6; Table 4). The positive side of the PC2 axis is occupied primarily by the Pan 
435 group and secondarily by the modern human group and describes a shape with a relatively straight 
436 articular ridge on the palmar side (defined as palmar articular ridge; Fig. 1b), an articular surface 
437 that extends further onto the dorsal surface and is radioulnarly flatter, a quadrate contour of the 
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438 articular surface, and relatively small epicondyles. In addition, the radial palmar condyle is 
439 relatively radioulnarly narrow and projects palmarly. The negative aspect of PC2 axis, occupied 
440 mostly by Gorilla and Pongo, describes a shape with a more pronounced curvature of the palmar 
441 articular ridge, a radial palmar condyle projecting more radially, larger epicondyles, and a more 
442 curved articular surface in the radioulnar plane. Box-and-whisker plots show that all fossils with the 
443 exception of A.L. 333w-39 fall in the human interquartile range (and variably in the Pan and Pongo 
444 ranges) and outside the Gorilla range. Tabun C1 and U.W. 101-1281 are within 1 SD of humans 
445 mean (Fig. 6; Table 6). However, La Chapelle aux Saints falls within 1 SD of Gorilla and Pongo. 
446 SK 84 and StW 418 fall in the lower quartile range of humans and within 1 SD from their mean and 
447 within 1 SD of Pongo means (Fig. 6; Table 6). A.L. 333w-39 falls neatly outside the human 
448 distribution in the upper quartile range of Pan and within 1 SD from its mean (Fig. 6; Table 6).
449
450 PC3 shape and groupings
451 The shape variability described by the PC3 are most informative in distinguishing African great 
452 apes from recent humans and Pongo (Fig. 7; Table 5). The positive portion of PC3, occupied by 
453 humans and Pongo, represents slightly larger radial palmar condyles and radioulnarly flatter 
454 articular surface. The negative portion of PC3, occupied by Gorilla and Pan, represents relatively 
455 larger epicondyles. U.W. 101-1282, La Chapelle aux Saints and A.L. 333w-39 fall variably within 
456 the upper range of African great apes and are almost always (apart from A.L. 333w-39) within 1 SD 
457 of the two species mean (Fig. 7; Table 6). Tabun C1 falls in the interquartile range of recent humans 
458 and Pongo distributions, and is within 1 SD of the two species mean. StW 418, SK 84 and U.W. 88-
459 119 fall above the range of all extant groups and are almost always (apart from SK 84) more than 1 
460 SD from their means (Fig. 7; Table 6).
461
462 DFA and linear distance of fossils
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463 Results of the DFA and of the distance in tangent space of fossil specimens from group 
464 specimens are reported in Table 7. Fossil specimens U.W. 101-1282, Tabun C1, StW 418, La 
465 Chapelle-aux-Saints and SK 84, are classified as humans with 99.9%, 97.5%, 88.6%, 76.6% and 
466 59.1% of probability in the DFA, respectively. U.W. 88-119 is classified as Pongo with 38.4% 
467 probability, as Pan with 32.0% of probability, and as recent human with 29.7% of probability. A.L. 
468 333w-39 is classified as Pan with 97.8% of probability (Table 7).
469 Results of the Shapiro-Wilk tests are reported in Table 8 and Q-Q plots are shown in SOM 
470 Figure S12. All distributions were not significantly deviating from normality. Thus, for each extant 
471 group we assumed a normal distribution for the distances of each individual within the group from 
472 the mean shape of the group itself. Fossils distances (in SD from the mean of the distance of each 
473 individual of the group from the group mean) are reported in Table 9 and graphically represented in 
474 SOM Figure S13. Results agree with the output of the DFA. Tabun C1, La Chapelle-aux-Saints and 
475 U.W. 101-1282 are closer to the human mean than 77.2%, 43.9%, and 53.7% of recent humans, 
476 respectively, corroborating the similarity of their shape to that of humans found in the DFA 
477 classification. StW 418 and SK 84, despite being more similar to humans than to other groups in the 
478 DFA classification, bear a low absolute similarity, being closer to the human mean than just 5.46% 
479 and 5.01% of humans, respectively. A.L. 333w-39 is closer to the Pan mean than 75.7% of Pan 
480 individuals. U.W. 88-119 is far from every extant group mean, being closer to the mean than less 
481 than 0.1% of every group’s individuals. Thus, U.W. 88-119 is distinct among our fossil sample in 
482 being outside of the morphospace range of every extant group.
483
484 Discussion
485 The aim of this study was to quantify the shape variability of the distal articular surface of the 
486 MC1 using 3DGM methodology to provide more informed functional interpretations of fossil 
487 hominin morphology. We hypothesized that the shape of human MC1 head will be significantly 
488 different from that of great apes and predicted that, among great apes, Pan and Gorilla would be 
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489 more similar to each other than to Pongo. Results from our analyses provide support to the 
490 hypothesized distinct morphology between recent humans and great apes and among African and 
491 Asian great apes. Our second hypothesis was that fossil hominins would have MC1 head shape that 
492 is more similar to humans than to that of great apes, but that there would be some morphological 
493 variation among the fossil specimens. Our results provide only partial support for this hypothesis. 
494 Overall, however, our results demonstrate the utility of 3DGM to quantify, often subtle, differences 
495 in MC1 head morphology and provide further insight into the function of the thumb in extant 
496 hominids and fossil hominins. 
497
498 Human and great apes MC1 head shape
499 Results showed that the MC1 head shape of recent humans is significantly different from that of 
500 great apes, supporting our first hypothesis. The morphology of human MC1 head is characterized 
501 by a flattened and radioulnarly enlarged articular surface (as already observed by Susman, 1994), 
502 relatively large epicondyles, and a radial palmar condyle that is larger and more palmarly projecting 
503 than the ulnar one (see Fig. 3). Moreover, both palmar condyles tend to be less proximally 
504 positioned in humans than in great apes. All these morphological traits are consistent with the 
505 proposed stabilization role that the MCP joint has in humans compared to apes for limiting thumb 
506 movement during forceful power and precision gripping, which counterbalances the mobility of the 
507 TMC joint (Aubriot, 1981; Barmakian, 1992). The broader and flatter MC1 distal articular surface 
508 limits dorsopalmar motion and prevents almost all radioulnar motion (Aubriot, 1981; Barmakian, 
509 1992; Imaeda et al., 1992). 
510 The relatively large size of radial and ulnar epicondyles in humans is correlated with a lower 
511 range of motion at the MCP joint. Collateral ligaments originate from the epicondyles and insert at 
512 the base of the proximal phalanx. When the thumb is flexed, the collateral ligaments tighten to limit 
513 radioulnar motion of the proximal phalanx, emphasizing the primarily hinge-like flexion-extension 
514 motion of the MCP joint in humans (Aubriot, 1981; Barmakian, 1992; Imaeda et al., 1992). We 
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515 hypothesize that bigger epicondyles in humans allow for a larger attachment area of ligaments that 
516 are therefore potentially stronger and able to help stabilize the MCP joint during the high forces that 
517 are experienced by the thumb during manipulation. Further studies are necessary to test this 
518 hypothesis, including anatomical dissections on nonhuman apes to evaluate the hypothesized 
519 relationship between epicondyle and ligament size.
520 The larger palmar radial condyle observed in humans has been related to the conjoint 
521 rotation that occurs at the MCP joint during flexion, such that proximal phalanx pronates as it flexes 
522 (Bojsen-Møller, 1976; Aubriot, 1981; Barmakian, 1992). It was proposed that the larger palmar 
523 radial condyle fits into a depression on the radiopalmar aspect of the proximal phalanx articular 
524 surface when the thumb is flexed (Bojsen-Møller, 1976). This joint mechanism should prevent 
525 movements in the radioulnar plane providing more overall stability of the joint when subjected to 
526 loading. More recent studies, however, showed the inaccuracy of describing articulations as 
527 ‘locking devices’ as in Bojsen-Møller (1976) and proposed articular stability is mainly provided by 
528 musculature and ligaments (Lovejoy et al., 2001, 2009). Due to the strong discriminatory power of 
529 the palmar radial condyle highlighted in the present study, we encourage future kinematic studies to 
530 look into this structure to better understand the function of its morphology.
531 In support of our prediction, the analyses show significant differences along single PCs in 
532 the morphology of MC1 distal articular surface across great apes. The shape variation we found in 
533 the distal MC1 morphology may reflect variation in the frequency and type of locomotion 
534 (terrestrial vs. arboreal), variation in the thumb posture during grasping, or both (Tuttle, 1967; Hunt, 
535 1991; Alexander, 1994; Marzke and Wullstein, 1996; Thorpe and Crompton, 2006; Wunderlich and 
536 Jungers, 2009; Crompton et al., 2010; Almécija et al. 2015; Neufuss et al. 2017, 2018). Pongo show 
537 a relatively round and domed articular surface, small epicondyles and similarly-sized palmar 
538 condyles (see Fig. 2). This morphology is consistent with a high range of motion at the MCP joint 
539 documented in Pongo during flexion, but particularly hyperextension and radioulnar deviation, 
540 which are greater than that of Pan and Gorilla (Napier, 1960; Tuttle, 1969). Captive studies show 
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541 that orangutans use their thumb less during manipulative tasks than other great apes, repositioning 
542 tools/food more often with their mouth than with their hands (Christel et al., 1993; Bardo et al., 
543 2017). However, orangutans are able to use pad-to-side precisions grips as other great apes do 
544 (Christel, 1993; Pouydebat et al., 2009; Bardo et al., 2017). Among extant hominids, orangutans 
545 also have the shortest thumb relative to the fingers among hominids (Schultz, 1930; Napier, 1993; 
546 Almécija et al., 2015), which implies greater biomechanical constraints (e.g., muscle force and joint 
547 angles) during tool manipulation compared to African great apes (Bardo et al., 2018). The specific 
548 MC1 head morphology of Pongo, and the fact that it is more ulnary rotated relative to its TMC joint 
549 compared to African great apes (Drapeau, 2015), may allow for greater motion of the MCP joint to 
550 balance the constraints of a short thumb (Schultz, 1930; Napier, 1993; Almécija et al., 2015) and 
551 more limited TMC joint motion (Rafferty, 1990).
552 The Pan MC1 head is characterized by an articular surface that is relatively flat, similar to 
553 the morphology found in humans. Yet, in contrast to humans, Pan MC1 head bears palmar condyles 
554 that are almost equal in size, as well as small dorsal epicondyles. This morphology is described by 
555 the overall positive scores along PC2 of Pan specimens. Like in humans, a flatter articular surface 
556 will limit motion at the MCP joint, particularly in the radioulnar plane, making the joint function 
557 more like a hinge joint (Imaeda et al., 1992). This is consistent with quantitative data showing the 
558 relatively limited radioulnar range of motion in Pan and humans compared to other great apes 
559 (Tuttle, 1969). However, the smaller radial and ulnar epicondyles in Pan MC1 head are an 
560 indication that the MCP joint collateral ligaments are perhaps not as well developed. This 
561 morphology suggests that Pan MCP joint is less stable than that of humans, and thus less able to 
562 sustain high and/or prolonged forces that occur during forceful precision gripping in humans 
563 (Domalain et al., 2008). This morphology is consistent with the use of pad-to-side precisions grips 
564 in chimpanzees (Marzke and Wullstein, 1996, Marzke et al., 2015), rather than pad-to-pad 
565 precisions grip used by humans (Marzke, 1997; Marzke et al., 1992), and the use of more simple in-
566 hand movements compared to humans (Elliot and Connolly, 1984; Crast et al., 2009; Bardo et al., 
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567 2017). Moreover, chimpanzees have been shown to use their thumb in line with the arboreal 
568 substrate, rather than wrapping around, during diagonal power grasping (Marzke et al., 1992; 
569 Neufuss et al., 2017). Thus, the radioulnarly flat articular surface in the Pan MC1 may play a role in 
570 stabilizing the MCP joint during arboreal locomotion, as well as manipulation (Tuttle, 1969; 
571 Christel, 1993; Marzke et al., 2015).  
572 The Gorilla distal MC1 showed particularly large epicondyles, palmar condyles that are 
573 equal in size, but rounder articular surface than in humans and Pan. The large epicondyles may 
574 indicate stronger, well-developed collateral ligaments relative to Pan and humans to aid the 
575 stabilization of the MCP joint. However, a rounder articular surface and the lack of a large radial 
576 palmar condyle suggests that the Gorilla distal MC1 morphology is more mobile and perhaps less 
577 able to cope with large, sustained forces on the thumb compared to that of humans. Wild mountain 
578 gorillas frequently use their thumb for processing food, in particular during forceful food processing 
579 (Byrne et al., 2001;  Neufuss et al., 2018), and use a variety of thumb positions during arboreal 
580 locomotion and food manipulation (Neufuss et al., 2017, 2018). However, both wild mountain 
581 gorillas (Neufuss et al., 2018) and captive western lowland gorillas (Bardo et al., 2017), appear to 
582 use more adducted thumb during manipulation. Like chimpanzees, captive western lowland gorillas 
583 also use simple in-hand movements (Bardo et al., 2017). Although subtle differences in hand 
584 proportions (Almécija et al., 2015) and MC1 head breadth (relative to MC1 length; Hamrick and 
585 Inouye, 1995) have been documented previously between mountain and lowland gorillas, our 
586 analysis did not find any significant difference between these two species in MC1 distal joint shape.  
587 The lack of interspecific morphological differences found here may reflect the low sample size (n = 
588 6) of G. beringei, or indicate that both Gorilla species require a more stable MCP joint relative to 
589 Pan, regardless of the differences in thumb use observed between them, though evidence is lacking 
590 at present to support this hypothesis. Additional studies on both Gorilla species are needed to 




594 Fossil hominins MC1 head shape
595 It is generally accepted that Neanderthals had manipulative abilities similar to those of H. 
596 sapiens (Marzke and Shackley, 1986; Trinkaus and Villemeur, 1991; Niewoehner et al., 1997; 
597 Niewoehner, 2000, 2006; Tocheri et al., 2008; Karakostis et al., 2018). Thus, it is not surprising that 
598 both Neanderthal specimens included in this study fell within the ranges of recent humans for most 
599 of the PCs (Figs. 6-9). 
600 Slight differences in the use of power grips over precision grips have been previously 
601 inferred from some features of the Neanderthal hand, such as increased mechanical advantage of the 
602 flexor muscles acting at the thumb MCP joint, reduced mechanical advantage of muscles crossing 
603 the thumb interphalangeal joint (Trinkaus and Villemeur, 1991), general muscular hypertrophy, 
604 other muscles mechanical advantages (for a review, see Niewoehner, 2006). In a comparative 
605 analysis of hand morphology between Neanderthals and recent humans, Niewoehner (2006) 
606 suggested that the change in tool materials and use that occurred during the Upper Paleolithic may 
607 have triggered a change in bone morphology towards a more human-like condition, including 
608 increased abilities in precision handling. On the other hand, a recent study based on hand entheseal 
609 surface areas (Karakostis et al., 2018) challenged the general view that Neanderthals primarily used 
610 power grips when making and/or using Mousterian tools and proposed that they performed 
611 precision grasping in their daily activities. The results of the present study provide support for a 
612 more modern human-like use of the hand by Neanderthals.
613 Along PC3, La Chapelle-aux-Saints scored more than 1 SD lower than the human mean. 
614 The lower score along PC3 indicates larger dorsal epicondyles and a slightly rounder articular 
615 surface (especially in the radioulnar plane) compared to the average modern humans. This 
616 combination of traits moves La Chapelle-aux-Saints near the morphospace of Gorilla, as is 
617 confirmed by the DFA analysis. However, the analysis of absolute morphological similarity (Table 
618 9) shows that La Chapelle aux Saints is closer to the human mean than 43.9% of humans. The La 
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619 Chapelle-aux-Saints individual shows extensive osteoarthritis of its skeleton (Trinkaus, 1985), 
620 which could have biased the 3DGM analysis. However, the MC1 analyzed here did not show any 
621 sign of osteoarthritis, and manipulative abilities of the MCP joint should not be hampered by 
622 osteoarthritis in other part of the skeleton. 
623 Previous studies on the hand of H. naledi described its thumb morphology as derived, with 
624 well-developed extrinsic and intrinsic musculature, along with Neanderthal/modern human-like 
625 morphology to the radial carpometacarpal articulations, which are compatible with forceful 
626 precision grip and human-like manipulative abilities (Kivell et al., 2015). Our results support this 
627 interpretation, as the shape of the MC1 distal joint of U.W. 101-1282 falls within the range of 
628 humans along all PCs. The DFA and the distances in standard deviations from the mean of the 
629 modern human sample corroborate this result as U.W. 101-1282 is consistently classified as human 
630 and is much closer to humans than it is to great apes. These traits may indicate that H. naledi’s 
631 thumb MCP joint was adapted to sustain high loads (i.e., radioulnarly flat) but perhaps with less 
632 stability compared to recent humans (i.e., smaller epicondyles). Of course, only a single H. naledi 
633 specimen could be included in the present analysis, and it is possible it does not reflect the average 
634 morphological condition of this species. Further, the slight erosion present on the palmar ulnar side 
635 of the H. naledi MC1 studied here may also influence the analysis. More well-preserved H. naledi 
636 specimens are needed to better understand if U.W. 101-1282 is representative of the species and a 
637 more holistic analyses of the entire MC1 shape will provide much-needed insight into how the 
638 radioulnarly broad distal articulation functions in concert with such a small TMC joint.
639 Earlier research of South African australopith MC1 specimens U.W. 88-119,  SK 84 and 
640 StW 418 have interpreted the morphology as being consistent with enhanced (Green and Gordon, 
641 2008) or even human-like manipulative abilities (Kivell et al., 2011; Skinner et al., 2015). The MC1 
642 head shape of U.W. 88-119, SK 84 and StW 418 differs slightly from that of humans. The three 
643 hominins have an articular surface that is not as curved as in great apes but not as flat as in humans. 
644 Similarly, they show larger epicondyles and a larger radial palmar condyle than that of the average 
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645 great ape, but not as large as in humans. Interestingly, the three fossil hominin specimens fall above 
646 the range of the modern humans (and of all the other extant groups) along PC3, indicating a 
647 relatively larger radial palmar condyle and radioulnarly flatter articular surface. In the DFA, StW 
648 418 and SK 84 are classified primarily as human, while U.W. 88-119 is classified primarily as 
649 Pongo. However, when analyzing the distances in standard deviations from the mean of the recent 
650 human sample, the three South African australopiths are among the most different from humans 
651 within our fossil sample (A. afarensis excepted; Table 9). Our results therefore indicate that, based 
652 on bone shape alone, the MCP joint of South African australopiths may have provided greater 
653 stabilization during gripping than that of Pan, but less than that of recent humans and Neanderthals. 
654 In a recent study, Skinner et al. (2015) proposed a human-like use of the hand in A. africanus based 
655 on the distribution of trabecular bone within the MC1like that of H. sapiens and Neanderthals  in 
656 StW 418 (and SK 84). As previously observed by Marchi et al. (2017a), while trabecular bone 
657 structure may provide additional insight into the actual load to which a bone was subjected during 
658 life (but see Judex et al. 2004; Carlson et al., 2008), external bone morphology—and therefore 
659 distal MC1 joint shape—can give us useful information about the type and range of movements that 
660 were possible at the level of the articulation. The results of the analysis of the shape of the proximal 
661 (Marchi et al., 2017a) and distal (present study) articular surface of MC1 indicates that South 
662 African australopiths may not have been able to perform the complete range of movements that we 
663 associate today with stone tool-making and use (Marzke, 1997, 2006). It is interesting to note that A. 
664 sediba MC1 and SK 84 are not grouped together in any of the analyses performed in this study. The 
665 two fossils share a unique morphology, namely a bony beak present palmarly on the head of MC1. 
666 Landmark 2 in our landmark setting (Table 2) is placed right at the point of the bony peak to 
667 capture this morphology. The reason why such morphology is not recorded in any of the PCs is 
668 probably due to the fact that only a minimal variation is explained by this morphology in any of the 
669 analyzed PCs. 3DGM is not the best method to classify specimens on the basis of unusual 
670 morphologies. If this distinct trait is to be investigated in future studies, we suggest that (1) the 
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671 incidence of this trait in modern humans be determined; (2) kinematic studies be performed to 
672 determine the possible association of this bony beak with differences in MCP joint movements; and 
673 (3) dissections be performed to establish the association of this trait with ligaments/muscles 
674 size/insertions.  
675 The MC1 shape of A. afarensis A.L. 333w-39 is the most different among our fossil sample 
676 from that of recent humans. A.L. 333w-39 has an articular surface that is much more curved 
677 radioulnarly than in humans, with smaller epicondyles and a smaller radial palmar condyle that are 
678 more similar to those of Pan than to humans (Figs. 3,4). The similarity of A.L. 333w-39 to Pan is 
679 highlighted along all the PCs (Figs. 5–7). Although there is a large sample of A. afarensis hand 
680 bones from multiple sites (Bush et al., 1982; Ward et al. 2012), few of them are associated to the 
681 same individual (Drapeau et al. 2005), making interpretations of hand function challenging. There is 
682 debate over the intrinsic hand proportions of A. afarensis, which may range from Gorilla-like with a 
683 relative short thumb (Rolian and Gordon, 2013) to human-like (Alba et al. 2003; Almécija and Alba, 
684 2014), and hold different implications for precision grip ability. Previous morphological studies 
685 have suggested A. afarensis was capable of at least some forceful precision grips, which would have 
686 aided in the manufacture and use of tools (Marzke and Shackley, 1986; Alba et al. 2003), but with 
687 potentially limited capacity to use power squeeze grips (Marzke, 1983). However, recent 
688 archaeological evidence associated with A. afarensis indicates that the hand morphology of these 
689 early hominins, at least in East Africa, was capable of using and making stone tools (McPherron et 
690 al., 2010; Harmand et al., 2015). Although stone tools have not been found in association with 
691 South African australopiths, previous studies conducted on trabecular bone may provide 
692 biomechanical evidence of stone tool making capability in A. africanus (Skinner et al., 2015). The 
693 3DGM analysis performed here is not suggesting that australopiths were not able to make and use 
694 stone tools. What the study of external morphology of MC1 suggests is that, if australopiths were 
695 making and using stone tools (as archaeological evidence is suggesting at least in East Africa; 
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696 McPherron et al., 2010; Harmand et al., 2015), they were making and/or using them in a different 
697 way compared to later Homo and modern humans.  
698 A recently published paper on the 3D surface morphology of metatarsal I–V head 
699 (Fernanández et al., 2018) provided important insight on the evolution of the hominin forefoot. A 
700 further step in the investigation on the evolution of early hominin manipulatory abilities should be 
701 the inclusion of all MCs in the analysis. We also need to keep in mind that the MCP joint is 
702 constituted not only by the MC1 head but also by the proximal phalanx joint. The inclusion of the 
703 proximal articulation of the proximal phalanx, using the protocol already employed for the proximal 
704 MC1 joint (Marchi et al., 2017a), will add further information to the understanding of this complex 
705 articulation and its evolution in the hominin lineage.
706
707 Conclusions
708 In this study we quantified and compared the shape of the MC1 head in modern humans, 
709 chimpanzees, gorillas and orangutans. In this framework, we also quantified the shape of the MC1 
710 head in seven fossil hominins that were (or have been suggested to be) able to produce and use tools: 
711 Tabun C1 and La Chapelle-aux-Saints (H. neanderthalensis), U.W. 101-1282 (H. naledi), U.W. 88-
712 119 (A. sediba), SK 84 (P. robustus/early Homo), StW 418 (A. africanus), and A.L. 333w-39 (A. 
713 afarensis). Our results are in general agreement with previous studies, yet new details can be 
714 discerned that can be associated with human manipulatory abilities. We found that the recent human 
715 MC1 head is characterized by a distinct suite of traits, including relatively larger epicondyles, 
716 asymmetric palmar condyles and a larger, more palmarly-pronounced radial palmar condyle, that 
717 can all be related to greater stability of the thumb MCP joint, which is necessary for forceful 
718 precision grip. We suggest that the presence of all three morphological features in a fossil hominin 
719 is a strong signal for human-like manipulative use of the thumb. Australopiths from both South and 
720 East Africa, although displaying MCP joint morphology that was similar in some aspects to recent 
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721 humans, did not show all three of morphological features suggesting a reduced manipulative 
722 capacity in australopiths when compared to the representatives of the genus Homo.
723
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765 Figure 1. Landmark setting. a) 5×5 patch placement on the distal articular surface of the first 
766 metacarpal. Fixed landmarks are represented by black, numbered dots and surface semilandmarks 
767 are represented by smaller gray dots at the nodes of the grid. From left to right: palmarulnar view, 
768 distal view, dorsoradial view. Definition of numbered landmarks is in Table 2. b) Morphological 
769 characteristics highlighted by the landmark setting.
770 Figure 2. Three-dimensional rendering of a typical left metacarpal 1 head morphology for each of 
771 the extant species and of three fossil hominin specimens studied here. Homo sapiens, State 
772 Anthropological Collection, Munich, specimen number 186; Pan troglodytes, State Zoological 
773 Collection, Munich, specimen number 1955-25; Gorilla gorilla, Shultz Collection, University of 
774 Zurich Irchel, specimen number 8; Pongo pygmaeus, State Zoological Collection, Munich, 
775 specimen number 1909-801; Homo naledi, specimen number U.W. 101-1282; Homo 
776 neanderthalensis, specimen number Tabun C1; Australopithecus africanus, specimen number StW 
777 418.
778 Figure 3. Scatterplot of the second vs. the first principal component (PC2 vs. PC1) scores of extant 
779 samples (Homo labeled ‘Humans’ in figure, Pan, Gorilla, and Pongo) and fossil specimens Tabun 
780 C1 and La Chapelle-aux-Saints (Homo neanderthalensis labeled ‘Neanderthal’ in figure), U.W. 
781 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 (Paranthropus 
782 robustus/early Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 (Australopithecus 
783 afarensis). The mesh/wireframes show extreme shape for each axis. For each mesh/wireframe, 
784 radial is on the left, dorsal is superiorly. Meshes/wireframes are shown from three different points 
785 of view, from top to bottom or from left to right: distal view, radial view, palmar view.
786 Figure 4. Scatterplot of the third vs. the first principal component (PC3 vs. PC1) scores of extant 
787 samples (Homo labeled ‘Humans’ in figure, Pan, Gorilla, and Pongo) and fossil specimens Tabun 
788 C1 and La Chapelle-aux-Saints (Homo neanderthalensis labeled ‘Neanderthal’ in figure), U.W. 
789 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 (Paranthropus 
49
790 robustus/early Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 (Australopithecus 
791 afarensis). The mesh/wireframes show extreme shape for each axis. For each mesh/wireframe, 
792 radial is on the left, dorsal is superiorly. Meshes/wireframes are shown from three different points 
793 of view, from top to bottom or from left to right: distal view, radial view, palmar view.
794 Figure 5. Boxplot of the first principal component (PC1) scores for Homo sapiens (labeled 
795 ‘Humans’ in figure), Pan, Gorilla and Pongo compared to fossil specimens Tabun C1 and La 
796 Chapelle-aux-Saints (Homo neanderthalensis labeled ‘Neanderthal’ in figure), U.W. 101-1282 
797 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 (Paranthropus robustus/early 
798 Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 (Australopithecus afarensis). 
799 Black lines are the medians, boxes are the interquartile ranges, whiskers are the non-outlier ranges 
800 and empty circles are outliers.
801 Figure 6. Boxplot of the second principal component (PC2) scores for Homo sapiens (labeled 
802 ‘Humans’ in figure), Pan, Gorilla and Pongo compared to fossil specimens Tabun C1 and La 
803 Chapelle-aux-Saints (Homo neanderthalensis labeled ‘Neanderthal’ in figure), U.W. 101-1282 
804 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 (Paranthropus robustus/early 
805 Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 (Australopithecus afarensis). 
806 Black lines are the medians, boxes are the interquartile ranges, whiskers are the non-outlier ranges 
807 and empty circles are outliers.
808 Figure 7. Boxplot of the third principal component (PC3) scores for Homo sapiens (labeled 
809 ‘Humans’ in figure), Pan, Gorilla and Pongo compared to fossil specimens Tabun C1 and La 
810 Chapelle-aux-Saints (Homo neanderthalensis labeled ‘Neanderthal’ in figure), U.W. 101-1282 
811 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 (Paranthropus robustus/early 
812 Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 (Australopithecus afarensis). 
813 Black lines are the medians, boxes are the interquartile ranges, whiskers are the non-outlier ranges 
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Procedure followed to correct the slight erosion on Homo naledi left first metacarpal (MC1) 
(U.W. 101-1282). 
The U.W. 101-1282 H. naledi MC1 has slight erosion on the palmar-ulnar side of the distal 
epiphysis (Fig. 1). A smooth triangulated mesh was generated in Strandwin 5.2 (Treece et al., 2013) 
to estimate the original surface of the entire MC1, which was guided by contours placed every 10 
tomographic slices along the z-axis. In order to preserve surface features for landmarking, a high-
resolution mesh was generated with a polygon for each voxel in the tomographic scan. Following 
this, Geomagic Wrap (3D Systems) was used to extract the surface from the high-resolution mesh, 
which was then registered to the smooth mesh and merged (Fig. 2). 
 
SOM S2 
Principal component 4 analysis 
A bivariate scatterplot of PC1 against PC4 (SOM Fig. S9) mainly divides Pongo and 
modern humans with the former occupying mainly the two left quadrants of the scatterplot and the 
latter the two left quadrants. However, a clear pattern of division among genera is not present and 
the four groups overlap extensively. La Chapelle-aux-Saints, StW 418 and SK 84 fall within the 
modern humans morphospace and Tabun C1 just outside it but very close. Both U.W. 88-119 and 
A.L. 333w-39 fall in the African apes, with the former closer to the human distribution and the 
latter far away and in the Pongo/Pan morphospace. 
 
PC4 shape and groupings 
The shape modifications described by PC4 do not distinguish much among groups (SOM 
Fig. S10; SOM Table S4). The negative side of the PC4 axis is occupied primarily by Pan and 
describes a shape with an articular surface that is radioulnarly flatter, a quadrate contour of the 
articular surface, and relatively small epicondyles. The positive aspect of PC4 axis, occupied mostly 
by Gorilla is characterized by larger epicondyles, a radial palmar condyle projecting more radially, 
and a more curved articular surface in the radioulnar plane. All fossils, with the exclusion of U.W. 
101-1282 and Neanderthals, fall in the human and Pongo interquartile range, but high overlap with 
the African apes is present. Homo naledi (U.W. 101-1282) falls in the lower quartile of all extant 
groups and more than 1SD away from humans. Neanderthals fall in the upper quartile range of 
humans, Gorilla and Pongo with La Chapelle-aux-Saints not significantly different from human 
(within 1 SD of humans mean) and Tabun C1 more than 1 SD higher than humans and great apes 





















SOM Figure S1. Palmar view of voxel to vertex mesh created in Avizo 8.1 of first metacarpal of 






SOM Figure S2. a) Sample of the tomographic slices and guiding contours used to generate the 
smooth mesh from the U.W. 101-1282 MC1. b) Voxel based high-resolution mesh and extracted 
surface. c) Registration of high-resolution mesh in blue and smooth-mesh in purple. Note the grey 
area indicates the difference between the two surfaces prior to registration. d) The result of the two 




























SOM Figure S3. Comparison of linear regression of scores of PC1–PC4 on natural log-transformed 






SOM Figure S4. Scatterplot of PC2 against PC1 as resulted from repeatability tests. Black circles 





SOM Figure S5. Boxplot of the comparison between PC1–PC4 of Fuegians (hunter-gatherers) and 













SOM Figure S7. Scatterplot of the second vs. the first principal component (PC2 vs. PC2) scores of 
extant samples (non-Fuegian Homo sapiens labeled ‘Humans’ in figure, H. sapiens from Tierra del 
Fuego labeled ‘Fuegians’ in figure, Pan, Gorilla gorilla, Gorilla beringei and Pongo) and fossil 
specimens Tabun C1 and La Chapelle-aux-Saints (Homo neanderthalensis labelled Neanderthal in 
figure), U.W. 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 
(Paranthropus robustus/Homo erectus), StW 418 (Australopithecus africanus) and A.L. 333w-39 
(Australopithecus afarensis). The mesh/wireframes show extreme shape for each axis. For each 
mesh/wireframe, radial is on the left, dorsal is superiorly. Meshes/wireframes are shown from three 







SOM Figure S8. Scatterplot of third vs. the second principal component (PC3 vs. PC1) scores of 
extant samples (non-Fuegian Homo sapiens labeled ‘Humans’ in figure, H. sapiens from Tierra del 
Fuego labeled ‘Fuegians’ in figure,, Pan, Gorilla gorilla, Gorilla beringei, and Pongo) and fossil 
specimens Tabun C1 and La Chapelle-aux-Saints (Homo neanderthalensis labelled Neanderthal in 
figure), U.W. 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 
(Paranthropus robustus/Homo erectus), StW 418 (Australopithecus africanus) and A.L. 333w-39 
(Australopithecus afarensis). The mesh/wireframes show extreme shape for each axis. For each 
mesh/wireframe, radial is on the left, dorsal is superiorly. Meshes/wireframes are shown from three 







SOM Figure S9. Scatterplot of the fourth vs. the first principal component (PC4 vs. PC1) scores of 
extant samples (non-Fuegian Homo sapiens labeled ‘Humans’ in figure, H. sapiens from Tierra del 
Fuego labeled ‘Fuegians’ in figure, Pan, Gorilla gorilla, Gorilla beringei, and Pongo) and fossil 
specimens Tabun C1 and La Chapelle-aux-Saints (Homo neanderthalensis, labelled Neanderthal in 
figure), U.W. 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 
(Paranthropus robustus/Homo erectus), StW 418 (Australopithecus africanus) and A.L. 333w-39 
(Australopithecus afarensis). The mesh/wireframes show extreme shape for each axis. For each 
mesh/wireframe, radial is on the left, dorsal is superiorly. Meshes/wireframes are shown from three 





SOM Figure S10. Scatterplot of the fourth vs. the first principal component (PC4 vs. PC1) scores 
of extant samples (Homo sapiens labeled ‘Humans’ in figure, Pan, Gorilla, and Pongo) and fossil 
specimens Tabun C1 and La Chapelle-aux-Saints (Homo neanderthalensis, labelled Neanderthal in 
figure), U.W. 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 
(Paranthropus robustus/early Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 
(Australopithecus afarensis). The mesh/wireframes show extreme shape for each axis. For each 
mesh/wireframe, radial is on the left, dorsal is superiorly. Meshes/wireframes are shown from three 







SOM Figure S11. Boxplot of the fourth principal component (PC4) scores for Homo sapiens 
(labeled ‘Humans’ in figure), Pan, Gorilla and Pongo compared to fossil specimens Tabun C1 and 
La Chapelle-aux-Saints (Homo neanderthalensis, labeled Neanderthal in figure), U.W. 101-1282 
(Homo naledi), U.W. 88-119 (Australopithecus sediba), SK 84 (Paranthropus robustus/early 
Homo), StW 418 (Australopithecus africanus) and A.L. 333w-39 (Australopithecus afarensis). 
Black lines are the medians, boxes are the interquartile ranges, whiskers are the non-outlier ranges 





SOM Figure S12. Quantile-quantile (Q-Q-) plots of the distance of each individual within every 
extant group (modern humans, labeled ‘Humans’, Pan, Gorilla and Pongo) from the mean shape of 






SOM Figure S13. Graphical representation of the distance (in standard deviations) of Homo 
neanderthalensis (Tabun C1, labelled Tabun and La Chapelle-aux-Saints, labelled LCaS) Homo 
naledi (U.W. 101-1282), Australopithecus sediba (U.W. 88-119), Paranthropus robustus/early 
Homo (SK 84), Australopithecus africanus (StW 418) and Australopithecus afarensis (A.L. 333w-
39) from the mean of the distance of each individual of the extant groups (modern humans, labeled 
‘Humans’, Pan, Gorilla and Pongo) from the group mean. On the horizontal axis is the distance in 
standard deviations from the mean distance. The black line is the upper tail cumulative distribution 





SOM Table S1 
Comparison of results of regression analysis of principal component scores on ln(femoral 
superoinferior diameter) (FemSI) and log(centroid size) (CS). ln(FemSI) is the natural log 
transformed value of FemSI. ln(CS) is the natural log transformed value of the CS. The comparison 
has been carried on a subsample of the comparative sample. See text for details.
 
PC ln(FemSI) ln(CS) 
 Adjusted R2 p value Adjusted R2 p value 
PC1 0.32 < 0.00001 0.32 < 0.00001 
PC2 0.04 0.11 0.06 0.06 
PC3 0.13 0.01 0.10 0.03 





SOM Table S2 
MANCOVA analysis results. ‘x’ indicates independent variables crossing. ‘:’ indicates the 
interaction term of the full model. To estimate p values, we used the Pillai test statistic. ln(FemSI) is 
the natural log-transformed value of femoral superioinferior diameter. ln(CS) is the natural log-
transformed value of centroid size. ‘Group’ is the categorical variable in which is divided the 
comparative sample (humans, Pan, Gorilla, Pongo). 
Modela Term p value 
ln(FemSI) x Group ln(FemSI) 
Species 
ln(FemSI) : Group 
0.43 
p < 0.00001 
0.74 
ln(CS) x Group ln(CS) 
Species 
ln(CS) : Group 
0.11 
p < 0.00001 
0.08 
a 







SOM Table S3 
Repeatability test results expressed as p-values of the multivariate Levene test (Anderson in table) 
  
Taxon Anderson 
Homo < 0.01 
Pan < 0.01 
Gorilla < 0.01 





SOM Table S4 
Results of the Hotelling’s T2 test on the first four principal components (sample size in parentheses). 
Comparison Modern humans (n = 19) –  
Fuegians (n = 5) 
Gorilla gorilla (n = 23) –  
Gorilla beringei (n = 6) 





SOM Table S5 
Tukey honestly significant difference (HSD) post hoc test results on principal component 4 scores. 
In bold are significant results (p < 0.05). 
 
Group  Mean difference p 95% confidence interval 
    Lower bound Upper bound 
Homo Pan 0.012 0.547 -0.012            0.037 
 Gorilla -0.013 0.450 -0.037 0.010 
 Pongo -0.003 0.983 -0.027 0.020 
Pan  Homo -0.012 0.547 -0.037 0.012 
 Gorilla -0.026 0.024 -0.049 -0.003 
 Pongo -0.016 0.286 -0.039 0.007 
Gorilla Homo 0.013 0.450 -0.010 0.037 
 Pan 0.026 0.024 0.003 0.049 
 Pongo 0.010 0.630 -0.012 0.032 
Pongo Homo 0.003 0.983 -0.020 0.027 
 Pan 0.016 0.286 -0.007 0.039 





Taxon n / fossil ID Institution Sex Side
Male Female Unknown Right Left
Extant
Homo sapiens 19 SACM, MHP 10 9 — 6 13
Fuegians 5 UF 2 — 3 1 4
Pan troglodytes 25 SCZ, SZCM, 
NMS, 
MPITC,PCM
11 14 4 12 13
Gorilla gorilla 23 SCZ, SZCM, 
PCM, PCZ, 
ZMB
11 11 1 13 10
Gorilla beringei 6 NMNH, RMCA 3 3 — 1 5
Pongo abelii 5 PCZ, NMS, 
ZMB, NML, 
NMNH
2 3 — 5 —
Pongo pygmaeus 26 SCZ, SZCM, 
PCZ, ZMB, 
NMS




Tabun C1 NHML — — — — 1
La Chapelle 
aux Saints
MHP — — — 1 —
Homo naledi U.W. 101-1282 WITS — — — — 1
Australopithecus 
sediba
U.W. 88-119 WITS — 1 — 1 —
Paranthropus 
robustus/early Homo 
SK 84 Ditsong — — — — 1




A.L. 333w-39 — — — 1 —
Abbreviations: Ditsong = Ditsong Museum, Pretoria, South Africa; MHP = Musée de l'Homme, Paris, France; MPITC 
= Max Plank Institute, Tai Collection, Leipzig, Germany; NHML = Natural History Museum, London, UK; NML = 
Naturalis Museum, Leiden, Netherlands; NMNH = Smithsonian, National Museum of Natural History, Washington, 
USA; NMS = Naturmuseum Senckenberg, Frankfurt, Germany; PCM = Powel Cotton Museum, Birchington, UK; PCZ 
= Primate Collection, Zürich, Switzerland; RMCA = Royal Museum for Central Africa, Tervuren, Belgium; SACM = 
State Anthropological Collection, Münich, Germany; SCZ = Shultz Collection, University of Zürich Irchel, 
Switzerland; SZCM = State Zoological Collection, Münich, Germany; UF = University of Florence Anthropological 
Collection, Florence, Italy; WITS = Evolutionary Studies Institute, University of the Witwatersrand, South Africa; 
ZMB = Zoologisches Museum Berlin, Germany.
Table 2
Definitions of the 9 fixed landmarks.
No Definition Type
1 Most proximal point on the palmar-radial condyle 2
2 Midpoint between points 1 and 3 on the palmar articular ridge 3
3 Most proximal point on the palmar-ulnar condyle 2
4 Projection of point 5 on the lateral ridge of the articulation 3
5 Central point of the distal articulation 3
6 Projection of point 5 on the medial ridge of the articulation 3
7 Most lateral point on the radial epicondyle 2
8 Projection of point 1 on the dorsal ridge of the articulation 3
9 Most medial point on the ulnar epicondyle 2
Table 3
Tukey honestly significant difference (HSD) post hoc test results on principal component 1 scores. 
In bold are significant results (p < 0.05).
Group Mean difference p 95% confidence interval
Lower bound Upper bound
Homo Pan 0.118 <0.001 0.092 0.143
Gorilla 0.079 <0.001 0.055 0.104
Pongo 0.147 <0.001 0.123 0.171
Pan Homo -0.118 <0.001 -0.143 -0.092
Gorilla -0.038 <0.001 -0.063 -0.014
Pongo 0.029 0.010 0.005 0.053
Gorilla Homo -0.079 <0.001 -0.104 -0.055
Pan 0.038 <0.001 0.014 0.063
Pongo 0.068 <0.001 0.045 0.091
Pongo Homo -0.147 <0.001 -0.171 -0.123
Pan -0.029 0.010 -0.053 -0.005
Gorilla -0.068 <0.001 -0.091 -0.045
Table 4
Tukey honestly significant difference (HSD) post hoc test results on principal component 2 scores. 
In bold are significant results (p < 0.05).
Group Mean difference p 95% confidence interval
Lower bound Upper bound
Homo Pan -0.041 <0.001 -0.061 -0.020
Gorilla 0.047 <0.001 0.027 0.067
Pongo 0.022 0.023 0.002 0.041
Pan Homo 0.041 <0.001 0.020 0.061
Gorilla 0.088 <0.001 0.068 0.107
Pongo 0.06 <0.001 0.043 0.081
Gorilla Homo -0.047 <0.001 -0.067 -0.027
Pan -0.088 <0.001 -0.107 -0.068
Pongo -0.025 0.003 -0.044 0.007
Pongo Homo -0.022 0.023 -0.041 -0.002
Pan -0.06 <0.001 -0.081 -0.043
Gorilla -0.088 0.003 -0.107 -0.068
Table 5
Tukey honestly significant difference (HSD) post hoc test results on principal component 3 scores. 
In bold are significant results (p < 0.05).
Group Mean difference p 95% confidence interval
Lower bound Upper bound
Homo Pan 0.029 0.007 0.006           0.052
Gorilla 0.048 <0.001 0.026 0.071
Pongo -0.007 0.804 -0.029 0.014
Pan Homo -0.029 0.007 -0.052 -0.006
Gorilla 0.019 0.109 -0.003 0.041
Pongo -0.037 <0.001 -0.058 -0.014
Gorilla Homo -0.048 <0.001 -0.071 -0.026
Pan -0.019 0.109 -0.041 0.003
Pongo -0.056 <0.001 -0.077 -0.035
Pongo Homo 0.007 0.804 -0.014 0.029
Pan 0.037 <0.001 0.014 0.058
Gorilla 0.029 <0.001 0.035 0.077
7Table 6
Mean and standard deviation (within parentheses) of principal component (PC) scores for Homo, Pan, Gorilla, and Pongo compared with PC scores of 
fossil specimens Tabun C1 and La Chapelle-aux-Saints (Homo neanderthalensis), U.W. 101-1282 (Homo naledi), U.W. 88-119 (Australopithecus 
sediba), SK 84 (Paranthropus robustus/early Homo), StW 418 (Australopithecus africanus) and AL 333w-39 (Australopithecus afarensis). a
Group Homo Pan Gorilla Pongo Tabun C1 La Chapelle-
aux-Saints
U.W. 101-1282 U.W. 88-119 SK 84 StW 418 AL 333w-39




































0.066H,P,G,Po 0.019P -0.040H,P,G,Po -0.024P 0.001 0.007 0.017P
a Subscripts indicate which group differs at least 1 SD from the fossils. Abbreviations: H = H. sapiens, P = Pan, G = Gorilla, Po = Pongo.
8Table 7
Discriminant function analysis (DFA) classification results of fossil specimens.
Homo sapiens Pan Gorilla Pongo
Tabun C1 97.5% 0.8% 1.4% 0.3%
La Chapelle-aux-
Saints
76.6% 0.0% 23.4% 0.0%
U.W. 101-1282 99.9% 0.0% 0.1% 0.0%
U.W. 88-119 29.7% 32.0% 0.0% 38.4%
SK 84 59.1% 11.9% 1.2% 27.8%
StW 418 88.6% 2.8% 0.4% 8.2%
AL 333w-39 0.0% 97.8% 0.0% 2.2%
9Table 8
Results of the Shapiro-Wilk normality test performed on the individual distances distribution from 
their respective group mean shape. Calculations have been done on linear distances considering the  
principal components 1–3.
Homo sapiens Pan Gorilla Pongo
p 0.35 0.30 0.33 0.15
10
Table 9
Fossils distances in standard deviations from the mean distance of extant groups from theirs’ mean 
shape. In parentheses, the value of the upper tail cumulative distribution function multiplied by 100 
Fossils distances in standard deviations from the mean distance of extant groups from theirs mean 
shape. Calculations have been done on linear distances considering the first principal components 
1–3.
Homo 
sapiens
Pan Gorilla Pongo
Tabun C1 -0.74
(77.2%)
2.54
(0.55%)
2.65
(0.40%)
3.37
(0.04%)
La Chapelle-aux-
Saints
0.15
(43.9%)
3.90
(0.00%)
2.20
(1.40%)
4.99
(0.00%)
U.W. 101-1282 -0.09
(53.7%)
4.65
(0.00%)
4.94
(0.00%)
6.53
(0.00%)
U.W. 88-119 3.54
(0.02%)
3.32
(0.05%)
6.37
(0.00%)
3.22
(0.06%)
SK 84 1.64
(5.01%)
2.21
(1.35%)
3.34
(0.04%)
1.97
(2.45%)
StW 418 1.60
(5.46%)
3.05
(0.11%)
4.28
(0.00%)
2.87
(0.21%)
AL 333w-39 5.37
(0.00%)
-0.69
(75.7%)
4.99
(0.00%)
1.70
(4.42%)
